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Abstract 
This paper describes the hysteresis in the aerodynamic properties of a discus near to its stalling angle. Wind tunnel 
tests were carried out with a full-size woman’s discus. The experimental aerodynamic data D, L and M were obtained 
from wind tunnel tests as functions of the angle of attack and the spin rate. It was found that the drag, lift and pitching 
moment coefficients, CD CL and CM, increase with increasing the angle of attack up to a stalling angle of 28-30°. 
Beyond the stalling angle, CL and CM decrease suddenly and abruptly with increasing angle of attack. On the other 
hand, recovery from the stall does not occur at the same stalling angle of 28-30° when the angle of attack decreases 
from the stall state; recovery actually occurs at 25°. The CL -α (angle of attack) curve is almost the same when the 
angle of attack is less than 24°. Therefore, hysteresis occurs near the stalling angle. 
© 2013 Published by Elsevier Ltd. Selection and peer-review under responsibility of RMIT University 
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1. Introduction  
Discus throwing is a sport in which the thrower attempts to gain the longest flight distance. Hubbard 
[1] previously carried out an optimization study based on aerodynamic data. The aerodynamic data were 
averaged values from wind tunnel tests conducted by Ganslen [2] and Soong [3] etc. To determine the 
flight path of a discus [4] when it is thrown, it is essential to know what aerodynamic forces are acting on 
it. We have also measured the aerodynamic forces acting on a women’s discus [5]. It was found that the 
lift coefficient decreases suddenly and abruptly at the stalling angle. Therefore, we repeated the force 
measurements with fine intervals in terms of angle of attack in order to elucidate the features of stalling in 
* Corresponding author. Tel.: +81-23-628-4350; fax: +81-23-628-4454. 
E-mail address: seo@e.yamagata-u.ac.jp. 
© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
Selection and peer-review under responsibility of the School of Aerospace, Mechanical and Manufacturi g Engineering, 
RMIT University
295 Kazuya Seo et al. /  Procedia Engineering  60 ( 2013 )  294 – 299 
detail. As a result, it was found that hysteresis occurs around the stalling angle. In this paper, the 
dependence of the aerodynamic coefficients on the angle of attack and the results of PIV measurements 
around the stalling angle will be shown. 
 
Nomenclature 
 
A  planform discus area 
CD drag coefficient 
CL lift coefficient 
CM pitching moment coefficient 
Cp pressure coefficient 
d planform discus diameter 
U wind speed 
α angle of attack 
ρ  air density 
2. Force measurements  
A full-size discus was employed to determine the aerodynamic forces acting on it in a low-speed wind 
tunnel with a 0.7 m × 0.7 m rectangular nozzle (Figure 1). We used a commercially available discus 
(Super HM, Nishi athletics goods). The spin was delivered to the discus from a motor (AXU425A-GN, 
Oriental motor) via pulleys. Definitions of the characteristic parameters are shown in Figure 2. The wind 
speed, U, was set to 20, 25 and 30 ms-1. Since the aerodynamic coefficients are independent of the spin 
rate on its axis of symmetry [5], it was set at Ȧ=0 (non-spin) revolutions per second. The angle of attack, 
α, which is the angle between the discus planform and the direction of the flight path, was also varied, 
from 0 to 90°. The measurement interval for α was 1° around the stalling angle and 5° for the remainder 
of the range. Data were acquired over a period of 8 sec. using a three-component strut-type balance 
(LMC-3531-50NS; Nissho Electric Works Co., Ltd.) and were recorded on a personal computer using an 
A/D converter board with a sampling rate of 1000 Hz. Definitions of the aerodynamic forces are also 
shown in Figure 2. The drag and the lift are denoted by D and L, respectively, and the pitching moment is 
denoted by M. The ‘nose-up’ rotation is defined as positive. The aerodynamic forces are converted into 
the drag coefficient CD, the lift coefficient CL and the pitching moment coefficient CM, as follows: 
AU
LDC LD 2, 5.0
,
ρ
=
  (1) 
AdU
MCM 25.0 ρ
=
  (2) 
where ρ is the density of air, A (=π d2/4) is the cross sectional area of the discus planform and d is the 
diameter of the discus planform. 
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Fig. 1. Experimental set-up  
The aerodynamic coefficients as a function of α are shown in Figure 2(a)-(d). Since there is little 
difference between aerodynamic coefficients for wind speeds in the ranges from 15 to 30 ms-1 and from 0 
to 7 revolutions per second [5], the data at U=20 ms-1 and Ȧ=0 revolutions per second are shown as an 
example. The closed circles denote the data in the process when increasing α from 0° to 90°, while the 
open squares show the process when decreasing α from 90° to 0°. Since there is little difference due to 
the process in the ranges from 0° to 24° and from 32° to 90°, only the closed circles are shown. It can be 
seen that the aerodynamic coefficients depend on α. The drag and lift coefficients, CD and CL, increase 
with increasing α up to a stalling angle of 29°. Beyond the stalling angle, CL decreases suddenly and 
abruptly with increasing α. This stalling is caused by leading edge separation due to the curvature of the 
leading edge of the discus being too small. Since the induced drag coefficient is proportional to the square 
of CL [6], CD also decreases just beyond the stalling angle. The lift coefficient, CL, decreases up to 90° 
with increasing α, and becomes 0 at α=90°. The pitching moment coefficient, CM, is positive over almost 
the whole range. Beyond the stalling angle, CM decreases suddenly and abruptly with increasing α in the 
same way as CL. In the process of decreasing α, there are differences in CL and CM, when compared with 
the data when the process is increasing. Therefore, hysteresis occurs in CL and CM. At 25°, both CL and 
CM have recovered from the stall condition. 
The dependence on α of the pressure coefficient, CP, is shown in Figure 2(d). The pressure coefficient, 
CP, is defined as the pressure divided by the dynamic pressure. The measuring point for the pressure is 
also shown in Figure 2(d). It is close to the leading edge of the discus. The measuring point is in the 
‘pressure side’ when α is positive, and it is in the ‘suction side’ when α is negative. It can be seen that CP 
increases with increasing α in the range from 0° to 55°. This is because there is an in-flow directly into 
the measuring point. It reaches a maximum value of 1 at 55°. Whenα decreases from 90° to 0°, CP 
follows the same path with increasing α. On the other side, CP decreases with decreasing α in the range 
from 0° to -28°. It changes suddenly and abruptly with decreasing α around the stalling angle. On the way 
back from -60° to 0°, CP recovers from the stall at -25°. Therefore, hysteresis occurs on the suction side. 
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Fig. 2. The dependence of the angle of attack on the aerodynamic coefficients (a) The lift coefficient; (b) The drag coefficient; (c) 
The pitching moment coefficient; (d) The pressure coefficient. 
3. PIV measurement 
The 2D-PIV measurements were carried out on the centreline of the discus. Micro-droplet particles 
with diameters of 1ȝm were generated by an aerosol generator (PivPart40, PivTec), and were introduced 
into the flow from the sirocco fan in the wind tunnel. A high repetition-rate pulsed ND:Yag laser (LDP-
100MQG, Lee Laser) illuminated the micro-droplet particles. A high-speed camera (Memrecam GX-8, 
Nac) was used to record tiff images at a sampling frequency of 1000 Hz. The wind speed was set at 20 
ms-1. Fig. 3(a) shows a picture taken before the run, while Fig. 3(b) shows a picture taken during the run. 
  
         
Fig. 3. Experimental set-up of PIV measurement (a) Before the run; (b) During the run. 
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Fig. 4. Velocity vectors on the suction side of the discus at: (a) 28°; (b) 25°. 
The experimental results are shown in Figure 4. Figure 4(a) shows the velocity vectors on the suction 
side at 28° during the process of increasing α, while Figure 4(b) shows the same vectors at 25° during the 
process of decreasing α. It can be seen that the flow almost runs along the surface of the discus at 28°, 
while the flow is separated at 25° even if α is smaller by 3°. There are two circles on either side of the 
discus. The edge of these circles is the convex point. From Figure 4(a), re-attachment occurs around this 
convex point on the suction side. Since the regulations for discuses allow the diameters of these circles to 
be changed in the range between 50 and 57 mm, there is a possibility of changing the position of 
reattachment. 
4. Summary 
We have carried out wind tunnel tests on a discus with fine intervals for the angle of attack around the 
stalling angle. The following conclusions are obtained.  
• Hysteresis occurs around the stalling angle for both the lift and the pitching coefficients 
• The hysteresis occurs on the ‘suction’ side of the discus 
• The convex point on the suction side becomes the trigger for the flow re-attachment. 
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